Introduction
Net primary productivity (NPP) is generally defi ned as the balance between the light energy fi xed through photosynthesis and lost through respiration and mortality, representing the net carbon input from the atmosphere to terrestrial vegetation (Mellilo et al. , 1993) . It is an important index in the evaluation of the patterns, processes and dynamics of carbon cycling in forest ecosystems at local, regional and global scales ( Luo et al. , 2002 ) . At the same time, it is also a basis for estimating the carbon budget of ecosystems. The study of NPP is a core task of the International Geosphere -Biosphere Program (IGBP) ( IGBP Terrestrial Carbon Working Group, 1998 ) . Therefore, a better understanding of forest NPP will improve the estimation of the global carbon budget and enhance our ability to manage forests under the changing global environment.
A wide variety of techniques have been applied to estimate forest NPP, and the results varied widely among the studies, often because of variability in the datasets ( Scurlock et al. , The online version of this article has been published under an Open Access model. Users are entitled to use, reproduce, disseminate, or display the Open Access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and the Institute of Chartered Foresters are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact: journals.permissions@oxfordjournals.org 1999 ; Zheng et al. , 2003 ) . Forest inventory data (FID) include information on forest type, volume and stand age at a large spatial scale and a long temporal scale, so they are important for evaluating forest carbon at landscape, regional and even global scales Caspersen et al. , 2000 ) . Using continuous and systematic FID to evaluate the carbon dynamics has become a focus of those working to understand the impacts of climate change ( Schroeder et al. , 1997 ; Murillo, 1997 ; Fang et al. , 2001 ) .
Chinese pine ( Pinus tabulaeformis ) is a dominant species in the boreal forest of China where it accounts for ~ 70 per cent of the total boreal forest area. It is also a major species not only in reforestation and afforestation but also in wood production and erosion control (Xu, 1981) . On the other hand, it is mainly distributed in the regions that are expected to be most sensitive to global climate change ( Wang et al. , 1995 ) . Thus, studying the NPP of Chinese pine at country or regional scales is important in anticipating the impact of climate change. In fact, a lot of data on Chinese pine have been collected ( Chen et al. , 1984 ; Guan and Dong, 1986 ; Liu, 1987 ; Xiao, 1987 ; Zhang, 1992 ) , but they were generally so sparse spatially that they did not refl ect carbon storage at the regional scale. Based on the turnover rates of leaves, branches and roots, Ma (1988) estimated the NPP of Chinese pine at the regional scale. However, those parameters are diffi cult to obtain at a regional scale, and the method could not estimate the principles of NPP dynamics.
The objectives of the study are (1) to review and summarize the published data on volume, biomass, stand age and NPP of Chinese pine; (2) to develop regression equations between biomass and volume, and between NPP and biomass as well as stand age; and (3) to estimate Chinese pine NPP based on those regression equations and the FID from 1989 to 1993.
Data and methods

Forest inventory data
Forest inventories of China have been conducted periodically in a 5-year cycle for more than 30 years using ground surveys and remote sensing.
The fourth forest inventory (1989 -1993) Forestry, 1982 ) . The characteristics of the Chinese pine forests are listed in Table 1 .
Field measurement data
More than 100 datasets for Chinese pine forests were collected, including administrative site, stand age, volume, forest biomass, NPP and references from different sources ( Tables 2 and 3 ) . Here biomass is referred to the amount of living woody components including roots, stem, branches and leaves. NPP is the net increment of woody components including roots, stem, branches and leaves per unit ground area in 1 year. Forest volume is referred to as stem volume.
Methods
Biomass estimation
Just as Zhou et al. (2002) had found that the relationship between biomass and volume of China's Larix forests could be expressed as hyperbolic curves, a hyperbolic relationship was also found between stand biomass and volume ( equation (1) ) for Chinese pine forests based on 14 sites summarized in Table 2 . (1) where B and V are stand biomass (Mg ha − 1 ) and stand volume (m 3 ha − 1 ) respectively; a and b are constants.
NPP estimation
NPP is defi ned as the production of all tissues by photosynthesis after accounting for respiration by the plants themselves. Thus, forest NPP may have a close relationship with actual biomass increment (ABI = Δ B / Δ A ), where Δ B is the biomass increment, and Δ A is the time interval. Considering FID, ABI would be replaced by mean annual biomass increment (MABI = B / A , where B is the forest biomass and A is the stand age), which includes the integrated effects of forest biomass and stand age. The relationship between NPP and MABI for the Larix forest could be given by a hyperbola curve, which indicates that the NPP of the Larix forest increases almost linearly with the increase in MABI when MABI is small, then the ratio of NPP to MABI decreases with the increase in stand age until NPP reaches the maximum value ( Zhou et al ., 2002 ) . Following Zhou et al. (2002) , the increasing rule of NPP with MABI could be described as
Thus, based on the observed data of NPP, biomass and stand age (sources as listed in Table 3 ), a and b in equation (2) could be determined. Equation (3) can also be changed into equation (4) . The data of 64 sites from Table 3 were used to estimate the parameters a and b in equation (4) . Xiao (1987) where NPP is in units of Mg ha − 1 yr − 1 , and A is the stand age (year); a and b are constants. Based on equation (4) and the fourth FID, NPP (NPP i ) of Chinese pine forests in i province could be calculated by equations (5) - (7) : (5) (6) (7) where A ij and B ij are middle stand age value and mean stand biomass for each age class ( j = 1, 2, 3, 4, 5) of i province ( i = 1, 2, 3, … , 17); a and b are defi ned in equation (4) ; B ij can be calculated by equation (1) . Based on equations (5) -(7) and the fourth FID, the average NPP of Chinese pine forests (NPP ave ) was calculated by equation (8) (8) where NPP i was defi ned by equations (5) -(7) .
(4)
Results
Relationships between biomass and volume, NPP and MABI
Based on the published data ( Tables 2 and 3 ) , the relationships between volume and biomass, and between NPP and MABI could be determined, which was the basis for calculating forest NPP at a large spatial scale. Using the fi eld data of Chinese pine forests, correlations between volume and biomass could be described as equation (1) ( Figure 1 ), and the relationship between NPP and MABI of the forest could be expressed as equation (2) ( Figure 2 ).
Model validation
The data which were not used to derive the parameters were used to validate the models ( Table 2 , numbers 15 -21; Table 3 , numbers 65 -128) ( Figure 3 ) . The results showed that the correlative coeffi cients ( R 2 ) of the simulated values and the observed values were 0.79 ( P < 0.01) and 0.68 ( P < 0.01), respectively, suggesting that these models could be used for estimating the biomass and NPP of Chinese pine forests.
Chinese pine forest NPP and its distribution in China
Based on equations (1) - (8) ), the relationship is y 2 = 0.663 x 2 + 2.086 ( R 2 = 0.68, P < 0.01) (B). however, the values varied widely among provinces, ranging from 1.5 (Neimenggu) to 13.73 Mg ha − 1 yr − 1 (Guizhou). The NPP of Chinese pine in Guizhou, Qinghai and Xizang was higher than the average value, more than 6.5 Mg ha − 1 yr − 1 ; the NPP in Neimenggu, Hubei, Tianjin and Shangdong was less than 2 Mg ha − 1 yr − 1 ; while in concentrated main regions of Chinese pine (e.g. Shanxi, Shannxi), NPP was close to the average value, about 4 Mg ha − 1 yr − 1 or so ( Table 4 ). The total NPP value of Chinese pine forest was 10.87 Tg yr − 1 , which is a major contribution to China's carbon storage. Since much of the NPP is associated with young forests, this implies that Chinese pine forests have the potential to accumulate signifi cant quantities of additional carbon in living trees and will increasingly store atmospheric carbon in the future.
Discussion
Explanation of the estimated Chinese pine NPP values
The mean estimated NPP (4.35 Mg ha − 1 yr − 1 ) of Chinese pine forest was lower than the observed average NPP (9.12 Mg ha − 1 yr − 1 ) which was calculated from Table 3 ; this may be explained in three ways. Firstly, about 75 per cent of Chinese pine forest area is occupied by pre-mature forest, and about 25 per cent is occupied by mature and post-mature forest. Secondly, most Chinese pine forests in China are of poor quality and consist of secondary forests, for many of those forests were planted in recent years. Thirdly, although FID has many advantages in estimating forest carbon ( Grame et al. , 2001 ) , it only includes trees with a diameter of more than 4 cm . However, the parameters are easily obtained in this study.
Errors in estimating biomass and NPP based on FID
There are many advantages in estimating forest carbon from the FID, but there are biases or errors as well. The fi rst type of biases and errors comes from the relationships between volume and biomass, and between NPP and biomass as well as stand age: (1) the fi eld measured data may not be representative for the forest types as a whole; (2) one of the potential problems is that many studies are often done on wellmanaged sites and rarely conducted in a manner ( Garnett et al. , 2001 ) ; (2) litter and biomass losses to herbivores were not considered. Duvigneaud (1987) noted that the proportion of litter fall to total biomass in major biomes of the world is 2 -7 per cent. Forest inventory monitoring programmes should be expanded with improved assessments covering deadwood, litter and ground vegetation, etc. For future projections, detailed work should be done.
Conclusion
FID plays an important role in accurate estimation of NPP of forest at regional and global scales. Estimating the NPP of Chinese pine forests based on FID will improve the prediction of possible effects of climate change. The conclusion could be summarized as follows:
1 The relationships between biomass and volume, and between NPP and biomass as well as stand age could be expressed as hyperbola curves for Chinese pine forests. 2 The mean NPP value of Chinese pine forest was 4.35 Mg ha − 1 yr − 1 and was lower than that from other studies. 3 Chinese pine forest NPP varied widely among provinces, ranging from 1.5 (Neimenggu) to 13.73 Mg ha − 1 yr − 1 (Guizhou). 4 There were some errors and biases in estimating NPP based on FID. More researches should be done in the future in order to overcome those errors or biases.
